Steady state, in situ incubation, and empirical phosphorus models were used to quantify the fluxes of nutrient and rcdox active materials in Dunham Pond. Benthic flux contributions were about 16 and 45% of the annual silica and ammonia budgets. Labile dissolved orga ic nitrogen is used by the lake system while refractory dissolved organic nitrogen is b t? ing produced. The phosphorus retention estimate based on aerial water loading predicted spring phosphorus concentration and loading more accurately than that based on the phosphorus budget. Atmospheric contributions of phosphorus and dissolved nitrogen account for 25 and lo%-of the respective annual budgets.
The eutrophication of lakes is affected by all environmental factors controlling productivity.
Total phosphorus concentration can be a major limiting factor (see Schindler et al. 1973; Wetzel 1975) . Nitrogen is also implicated when the molar N:P ratio decreases below 1O:l (Golterman 1975) . Recently allochthonous organic matter has been identified as a "productivity subsidy" to lakes. Respiratory quotients (RQ = CO, produced/ CO, consumed) >l in hypolimnetic water indicate that alternate terminal electron acceptors are reduced by metabolic processes (Rich 1975; Rich and Devol 1978; Rich and Wetzel 1978) . In anaerobic respiration, alternate electron acceptors (i.e. S042-, N03-, etc.) released as reduced products (H2S, NH3, etc.) create redox gradients in sediments. The flux of reducing energy due to this gradient has been termed benthic detrital electron flux (BDEF) (Rich and Wetzel 1978) . These electrons are potentially available for phototrophy and chemotroPhY.
The benthic component of an aquatic system also affects lake productivity via nutrient regeneration. Phosphorus and nitrogen are regenerated in tropholytic processes and accumulate in interstitial water, creating sediment-lake concentration gradients. The nutrient dynamics of aquatic ecosystems are often described by models based on the laws of conservation of matter and energy. The change in state (CJ (i.e. nutrient content of a lake compartment) varies through time as a flmction of input and removal, or (state equation) dc, ___ = C input -I: removal dt
in which lake content through time is a ftmction of the budget. If the lake nutrient content is constant annually (i.e. steady state) the quantities of input and removal must be equal. The lake ecosystem is composed of watershed, benthic, and lake compartments.
Dllring stratification the lake may be further divided into hypolimnetic, metalimnetic, and epilimnetic compartments.
If the response of any compartment is determined by its state (e.g. removal is a function of lake concentration) then a donor-controlled model applies:
dc, _ ___ -2 input -&f(C,,) dt
where Xf(CL) d escribes removal as a function of state (C,) . Lerman and Brunskill (1971) used steady state and donor control in a compartment model:
where the composition of lake water was a flmction of the nutrient budget, and the upper limit of benthic cation flux (Fh) was determined by removal-input difference. From their model, Lerman and Brunskill also derived a proportionality constant (7c):
in which CI, and C, are interstitial and lake concentrations.
This factor was applied to observed concentration gradients to estimate Fb: 6, = kG -CL> (5) where F1, is a function of concentration gradient. They also used the state equation in a predictive-simulation model:
which demonstrated how cation transport from interstitial water affected the chemical balance of the lake. I used this flmctional relationship (with algebraic manipulation) to empirically derive the proportionality constant (k,) in in situ incubati ens.
The state equation is central in phosphorus models (Dillon and Rigler 1974; Vollenweider 1975; Chapra 1975; Kirchner and Dillon 1975; Larsen and Mercier 1976) . IIowever, in these models the fLmctiona1 relationship between state and chemical budget is determined empirically by rcgrcssion. Although similar in structure, the treatment of lake phosphorus retention differs in each model. Chapra (1975) assumed that an apparent settling velocity, based on mean depth and sedimentation coefficient, was constant in all lakes. Larsen and Mercier (1976) made retention a fimction of flushing rate (p), and Jones and Bachmann (1976) assumed a constant sedimentation coefficient ((T = 0.65). Dillon and Rigler (1974) used a model based on aerial phosphorus loading (L), mean depth (X), and fillshing rate (p): 
in which the response of the lake is determined by input (L) as a function of retention. Kirchner and Dillon (1975) introdllced a retention coefficient based on aerial water loading (R,,).
I used chemical budgets and in situ incubation results in both compartment and empirical phosphorus models to derive the direction and magnitude of sediment-water exchange. Here I discuss the behavior of these models and their utility.
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Methods
Morphometric data for the Dunham Pond watershed system are given in Table 1. The lake receives water from two major sources: a stream draining an up- land hardwood forest and a wetland dominated by red maple. There are no septic systems within 100 m of the shore, The lake circulates completely twice each year, and the thermal profile during stratification resembles the metalimnion of larger lakes (Rich 1975) . Due to dissolved humic material, the 1% light level is rarely below 2.5 m. Metabolic processes consume hypolimnetic oxygen, and the sediments show a chemical oxygen demand (COD) throughout the year; the surface sediments are flocculent and highly organic (48% organic content of dry weight) (Hornor 1977) . The macroinvertebrate fauna includes Chaoborus punctipennis Table 3 . Phosphorus models and symbols used. (85%), Pnlpomyas tibialis (lo%), and several chironomid species (5%) (by numbers) (Pallotti 1976) . A blue-green algal mat covers much of the middepth sediment (2.5-3.5 m) from April through October.
Surface input from the stream and discharge from the lake were measured (1974) (1975) with 90" contracted V-notch weirs. The stream drains about 45% of the watershed, based on planimetry of topographic maps and flow analysis. The wetland flow rate was considered to be the difference between lake discharge and the sum of stream input and net precipitation. Any groundwater or additional inputs (c.g. storm runoff) would result in an erroneous wetland input estimate. In the summer, groundwater input nearly equals precipitation on the lake surface (unpubl.).
The compartment and empirical models used are summarized in Tables 2 and 3 . F/,1 is a steady state lake compartment model; however effluent concentration (C,) is used rather than lake concentration (C,). In FJI, benthic flux is based on the material budget (F,I) bllt is made a flmction of the observed concentration gradient at the sediment-water interface by llse of a proportionality constant (Ic). In FIjII the proportionality Factor (Ic,) is derived by reducing input and removal to zero and observing concentration through time in in situ core incubations. This fklctor is used to calculate flux during incubation (FJII) and annual flux (F,IV) by multiplying by the observed concentration gradient (C,-C,). F(,V is used for incubation results when proportionality cannot be assumed.
Water overlying the sediments was sampled with a free-fall corer and interstitial water with a dialysis sampler at three proftmdal sites. Water was collected monthly from depths of 1, 2, 3, and 4 m at the central buoy and biweekly from the stream, wetland, and lake discharge. All samples were transferred with overflow from a Van Dorn sampler or with syringes. Nutrient content of bulk precipitation samples and snowpack accumulation of phosphorus were measured biweekly. An in situ device provided water in equilibrium with interstitial water. This sampler consisted of 12 tubes and a frame (all parts nonmetalic).
The tubes were 16-cm-long cylinders (diam = 2.6 cm, o.d. = 3.0 cm), tapered to a point and perforated between grooves spaced 2 cm apart ( Fig. 1 ) with dialysis tubing (VWK No. 25225; 12,000 mol wt cutoff) secured that the sampler occupied its proper position. The time required for equilibration was 5-7 days. The 12 tubes facilitataround the perforated area. The tubes ed sampling several 2-cm depth intervals were filled with deoxygenatcd glass-dis-(max depth = 14 cm) and allowed for reptilled water, sealed with Saran wrap, and lication. secured in a vertical position by plastic Several cores wcrc incubated in situ screws in the frame. The sampler was during summer stratification.
Cores were 
Results
The estimated phosphorus input from sediments to lake water during late summer anwerohiosis was about 15% of the total lake budget. The net and gross annual precipitation on the lake was about 28 and 108 cm (U.S. Weather Bureau).
Atmospheric fallout contributed about 25% of the lake phosphorus budget. The seasonal distribution of water and nutrient input and removal arc presented in Figs. 2 and 3 .
The chemical budgets and estimates of benthic flux arc presented in Tables 5  and 6 . Only the benthic flux estimates FbI and F,II arc dependent on the accuracy of the input-removal budget items. The cation flux rates estimated by incubation using k,z(F,IV) in Dunham Pond were greater than the cation flux rates in the experimental lakes estimated by budget difference (FJ) (Lerman und Brunskill 1971) . The difference between removal and input of silica was 3,786 mol SiOz, indicating a positive net system flux (F,I) of 78 ~10~~ mol Si02 * crnB2s yr-' (Table 6) . Sil icn concentration increased with depth and was grcatcst in interstitial water (Fig.  4) . Although the empirically derived proportionality constant (Ic,) was milch greater than that derived from the lake budget (Ic), the flux rates (F!,IV and F/,1) were similar.
The gross benthic flux (I;JV) was 50 X lOL7 mol SiO, * crC2 0 yr-', or a total benthic contribution of 2,350 mol SiO, * yr-I. S~ibtracting the gross bcnthic flux from the net system flux (FJEhIV) suggests that about 1,300 mol Si02* yr-l entered the lake frorn sources not measured (e.g. immediate storm runo Ff or groundwater).
Steady state modeling of nitrogen is difficult bccausc neither gaseous input (fixation) nor removal (denitrification) bus been determined. However, all dissolved forms were determined, and several generalizations can bc made from these data. The total dissolved nitrogen input from the wetland was twice the stream input (Table 5 ). Input of dissolved nitrogen from atmospheric fkllout was 3,214 mol N . yr-I, or about 10% of the dissolved nitrogen input. About 48% of the total dissolved nitrogen input was organic. Although about 57% of the dissolved organic nitrogen input was labile, the lake concentration of dissolved refractory nitrogen was consistently greater (Fig. 5) . The net system flux (F[,I) was negative for labile dissolved organic nitrogen and positive for refractory forms. These data suggest that labile nitrogen compounds were used while the more refractory nitrogen compounds were produced by the lake.
All dissolved forms (except refractory) showed a negative net system flux (-FJ). This indicates either that the lake is ftmctioning as a nitrogen sink (assimilation of dissolved nitrogen into particulate nitrogen > mineralization rate) or that denitrification represents a significant loss from the lake (denitrification > fixation). Nitrogen fixation and denitrification are now under investigation.
The estimates of gross benthic flux ( FbV) were positive (lake input) for NH3, labile dissolved organic nitrogen, and refractory dissolved organic nitrogen, and negative for N03- (Table 6 ). The gross benthic flux of ammonia accounts for 26~10-~ mol N. CTII-~~ yr-l, or about 45% of the annual input budget. Ammonification is also indicated by the steady increase in ammonia concentrations in upper sediments during summer (Fig. 6) .
The atmospheric phosphorus input was 126 mg P. rnm2* yr-', which is reasonably close to the 100 mg P~rn-~.yr-' estimate cited for urban areas (Wetzel 1975) . Thus, wet and dry fallout directly on the lake accounts for 25% of the annual budget, nearly equal to the stream input (Fig, 7) . If we include that from the atmosphere as a quantified input, the spring TP concentration predicted by the Dillon-Rigler model is 42 mg P*me3. If observed fallout is doubled to account for immediate storm runoff (Rich and Pallotti 1977) , the predicted TP is still 42 mg P.me3. If the predicted retention coefficient based on aerial water loading (R,, = 0.64) is substituted into the model using twice the atmospheric contribution, the predicted spring concentration of total phosphorus becomes 28.7 mg P* me3. When we use the observed spring TP concentration (27 mg P*me3) and R,, , the model for loading of phosphorus (L) yields L= TP% = 0.55 g Pm m-2*yr-1 (1 -R,,) = 839 mol P *yr-l which is within 5% of the observed input.
The gross benthic flux (FJV) of ferrous iron was 47 xIO-~ mol Fe2+. crnm2. yr-', or about 2,100 mol Fe2+* yr-l. Thus, about 2,100 mol of reducing energy (electrons generated in anaerobic respiration) were carried from sediments by the migration of reduced iron.
Discussion
All sources of lake-watershed exchange must bc included if benthic flux is to be attributed to the difference between removal and input. The use of C, decreases the donor control of the Lcrman and Brunskill (1971) model and improves the accuracy of discharge estimates, However, the use of continuous flow data with instantaneous concentration measurements leads to error in the nutrient and net flux estimates.
Subsequent event sampling indicates that this error may be as high as 245% of removal or stream input, As pointed out by Lerman and Brunskill, the accuracy of flux estimates derived by the difference model is sensitive to the accuracy of nutrient budgets. They also pointed out that if a lake is to remain unchanged by a small change in the input or removal characteristics (i.e. steady state) then a large change in benthic flux is required.
During thermal stratification, the benthic zone and the aerobic-anaerobic interface within the water column are spatially separated; this results in the accumulation of many constituents in the hypolimnion.
A chemical species, contributed by sediments, must be observed in effluent water to be included in the difference model (FJ). Therefore, FbI represents net system flux and is not applicable to conservative species which accumulate in the hypolimnion (e.g. Fe2+).
The use of nutrient budget items and observed concentration gradients in calculating k alters the structure of the difference model. However the basic assumption is steady state, and a sediment contribution must appear in the outflow to be included in k. I used the conccntration of nutrients in the water overlying the sediments (C,,) rather than a mean lake concentration to improve the accuracy of gradient estimates. This model is not very useful because the error inherent in difference models remains, and k will be severely underestimated for conservative species. The empirically derived k,r is independent of nlltrient budget accuracy, If we compare k, FI,, and the residence time of water (7) for cations in the Canadian Lakes 239 and 240 of Lerman and Brunskill (1971) with k,r and FJV of the cations in Dunham Pond, we find that as residence time decreases, k (or k,T) increases (Table 6 ). FhIV represents gross benthic flux because k, is derived from observations made at the sediment-water interface.
The much lower value of k (fl*om net flux) than of k, (from gross flux) suggests a conservative behavior of cat-ions in Dunham Pond. The gross flux model (FJV) is not strictly donor-controlled because its behavior (flux) is a function of the relative states of the donor (benthic) and recipient (lake) compartments. Applying k, to observed annual concentration gradients yielded gross benthic inpiit cstimatcs for Si02, total P (positive flux only), and dissolved inorganic nitrogen which account for 29, 17, and 48% of the respective budgets. The lltility of combining the net and gross benthic flux estimates in a single approach is that specific information about the internal behavior of the benthic and lake compartments is derived. For example, conservative species such as Fe2+ and TP showed a gross positive flux, which would not be detected using only net budget items.
When atmospheric and immediate storm runoff inputs have been included, the discrepancies between predicted and obscrvcd values of L and R in the cmpirical pl~ospl~o~~~s model have been attributed to anthropogenic input, positive benthic flux, or extremely refractory phosphorus compounds (Rich and Pallotti 1977) . The predicted spring TP concentration is unaffected by increasing the inpiit rate. If' removal remains constant, an increase in L (Pinl,,lt/Ao) is balanced by the corresponding increase in R( 1 -P,,,,J Pin) and these va&bles cancel in the numerator. As TP input is hypothetically increased, K approaches H,,. When R,, is used, the model predicts a spring concentration of28 mg P * men, which is within 5% ol'the observed concentration. The prcdictcd and observed input rates arc within 7% when R,, and the observed spring TP concentration is used to solve for L. When converted to units of benthic flux (mol I> * cinm2 -yr-'), L X R or L X K,, give reslllts comparable to the steady state compartment model (F/J). An accitrate prediction of the loading rate (L) and retention rate (1, x R = FbI) is derived from a knowledge of the spring TP concentration and hydrologic characteristics (R,,) and does not require an inputoutput budget.
Forcing water from sediments by squeezing or centrifugation may cause loss of in situ characteristics (Colterman 1967: Hynes and Grcib 1970) and Bencr;~ll; yields an insufficient Lmple ';olume for a variety of analyses. An advantagc of the dialysis method is that solid and dissolved fractions arc separated in situ, thus eliminating the hazards of collecting, transporting, storing, and extracting interstitial water from cores. IIowcv&, the sample is not actual interstitial water, but an equilibrated facsimile. The sample volume-and depth interval resolution are limited by the equilibration rate, which is a function of membrane surf-ace arca and sample volume. The in situ time required may be regulated by altering the tulle dimensions or by filling the tubes with degassed lake water.
The net and gross flux estimates indicate that sediments contribute to the nutrient budget and affect productivity. The rclcase of' phosphorus to hypolimnetic water, presunlably due to reduced adsorptivc capacity of sediments at lowered rcdox potentials, decreases the N:P ratio which enhances the growth of blue-green algae in late summer. Allochthonous input subsidizes lake productivity by contributing to the nutrient buclgets via regeneration and by adding reducing energy via benthic detrital electron flux.
The interactions between lake water and sediments can be determined without loss OF accuracy due to errors in the nutrient budget. The incubation model, which assumes proportionality of benthic flux to concentration gradient (via kJ, and the phosphorus model based on aerial water loading (R,,) arc indcpcndent of lake budgets and describe sedimentwater interactions more accllrately than do s tcwdy state difference models. 
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